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We describe a high-resolution spectroscopy method, in which the detection of single excitation
events is enhanced by a complete loss of coherence of a superposition of two ground states. Thereby,
transitions of a single isolated atom nearly at rest are recorded efficiently with high signal-to-noise
ratios. Spectra display symmetric line shapes without stray-light background from spectroscopy
probes. We employ this method on a 25Mg+ ion to measure one, two, and three-photon transition
frequencies from the 3S ground state to the 3P, 3D, and 4P excited states, respectively. Our
results are relevant for astrophysics and searches for drifts of fundamental constants. Furthermore,
the method can be extended to other transitions, isotopes, and species. The currently achieved
fractional frequency uncertainty of 5× 10−9 is not limited by the method.
Quantum systems that are well isolated from their en-
vironments, e.g., tailored solid-state systems, photons,
and trapped atoms, offer a high level of control [1].
Over the past decades, several experimental methods
have been devised for quantum control of single trapped
ions [2–4]. Developments are driven by the urge to make
more accurate and precise clocks [5, 6] as well as to ad-
dress questions in different fields of research, e.g., proper-
ties of highly charged ions [7, 8], ion-neutral collisions [9–
12], molecular physics [13–15], and tests of fundamen-
tal physics [16–20]. High-resolution spectroscopy mea-
surements [21–25] are of particular interest for study-
ing spatial and temporal fine structure variations of the
universe [26–28]. In such experiments, complex atomic
and molecular structures need to be probed by single-
or multi-photon transitions in isotopically pure samples
revealing undisturbed transition line shapes. Weak tran-
sitions in trapped ions can be measured with various
methods [3, 6], and techniques based on the detection
of momentum kicks altering the occupation of motional
states from few absorbed photons have been developed
that are applicable to strong electric dipole transitions
as well [25, 29]. In this Letter, we experimentally study
single- and multi-photon transitions in a single, laser
cooled 25Mg+ ion that can be near-perfectly isolated from
its environment. We detect the decoherence of a superpo-
sition of two electronic ground states due to single scat-
tering events and determine transition frequencies which
are relevant for astrophysics and searches for variations
of fundamental constants [30, 31] with a fractional un-
certainty of 5× 10−9.
For a simplified description of the method, consider
an atom with three states. Two of these states, labeled
|↑〉 and |↓〉, which are long-lived and allow for coherent
control, are used to study transitions to a third, ex-
cited state |e〉. After preparation in |↑〉, a π/2 pulse
on the |↑〉 → |↓〉 transition creates a superposition state
|ψ〉 ≡ 1√
2
(|↑〉+ |↓〉). A spectroscopy pulse probes the
couplings |↑〉 → |e〉 and |↓〉 → |e〉 during a delay period
τ . To decouple the superposition state from sources of
detrimental decoherence, a spin-echo pulse is applied af-
ter τ/2. A second π/2 pulse completes the sequence and
the final state is analyzed. Disregarding the influence
of the spectroscopy pulse, the total sequence coherently
transfers |↑〉 to |↑〉. However, absorption of a probe pho-
ton and the subsequent spontaneous emission project the
system into |↑〉 or |↓〉, i.e., the original phase information
of |ψ〉 is destroyed. The remaining sequence creates a
new superposition state of |↑〉 and |↓〉, and analyzing the
final state, the detection probability of single excitations
is 1/2. Hence, decoherence constitutes the spectroscopic
signal and, therefore, the method probes only excitation
strengths and is insensitive to branching ratios of the
spontaneous decay, making it a versatile method to study
a variety of transitions.
In our experimental demonstration of the method, we
trap a single 25Mg+ ion in a linear Paul trap [32]. A
schematic of the setup is shown in Fig. 1(a), while the
relevant energy levels are depicted in Fig. 1(b). The beam
of a fiber laser, frequency-quadrupled using two second
harmonics generation (SHG) stages [33], is tuned Γnat/2
below the 3S1/2 to 3P3/2 transition (natural line width
Γnat/(2π) = 41.8(4) MHz [34]) and aligned with a mag-
netic quantization field | ~B| ≃ 0.58 mT. The light is
σ+-polarized and provides Doppler cooling to ≃ 1 mK
and optical pumping into the state 3S1/2 |F=3,mF=3〉,
where F and mF denote the total angular momentum
quantum numbers of the valence electron. This state
provides efficient, state sensitive detection via closed cy-
cling transition to 3P3/2 |4, 4〉 to discriminate between
the ground state manifolds. We observe a count rate of
100 ms−1 on average for all F=3 states and 2 ms−1 for
the F=2 states. As parts of the superposition state |ψ〉
we choose the low field clock states |↑〉 ≡ 3S1/2 |2, 0〉
2FIG. 1. (color online) Schematic of the experimental setup
and diagram of relevant states of 25Mg+ (nuclear spin 5/2).
(a) The vacuum chamber and laser setups including SHG.
The fiber laser provides Doppler cooling, state preparation
and detection. The dye (S1) and diode (S2) laser serve as
dedicated spectroscopy lasers. (b) Energy level diagram (not
to scale) including fine structure levels up to 4P3/2. For the
ground state, the hyperfine and Zeeman splitting are shown.
Arrows between levels indicate the energies utilized in our one,
two, and three-photon spectroscopy transitions, and relevant
detunings to intermediate states are labeled ∆1 and ∆2.
and |↓〉 ≡ 3S1/2 |3, 0〉 which are separated by ω0/(2π) ≃
1.789 GHz. These states feature a low sensitivity to mag-
netic field fluctuations and long coherence times. We
employ microwave pulses to transfer population from
3S1/2 |3, 3〉 to |↑〉 with near-unity fidelity, and to co-
herently control |↑〉 and |↓〉. For spectroscopy we use
two laser systems: a frequency-doubled dye laser (S1) at
wavelength λ ≃ 280 nm with a beam waist radius (1/e2
radius of intensity) of w = 25(3) µm, and a diode laser
(S2, λ ≃ 1092 nm, w = 190(20) µm). The S1 and S2
laser beams enter the chamber from opposite directions,
perpendicular to ~B with linear polarization to induce π
transitions. We determine the spectroscopy laser wave-
lengths with a wavelength meter (HighFinesse WS Ulti-
mate/2), which is referenced to the R(53)28-3 line in 127I2
and the D2 line in
87Rb via Doppler-free spectroscopy.
Since 25Mg+ has more than two hyperfine levels in the
ground state, the final state is not restricted to super-
positions of |↑〉 and |↓〉, and the excited state can decay
into other hyperfine ground states, analogous to electron
shelving [4]. In that case, the subsequent microwave
pulses are off resonant leaving the state unchanged.
These other decay channels also alter the detection out-
come when recording the spectrum via state-dependent
fluorescence. However, comparing to spectra recorded
by optical pumping and electron shelving techniques, our
method reveals additional features, e.g., excitations from
|↑〉 to 3P3/2 |F=1,mF=0〉, |↓〉 to 3P3/2 |F=4,mF=0〉
(see below), as well as cycling transitions. Furthermore,
it facilitates the detection of transitions with unfavorable
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FIG. 2. (color online) Pulse sequence and exemplary absorp-
tion spectrum. (a) Schematic of the pulse sequence used for
spectroscopy (details see text). The dashed line indicates the
spectroscopy laser sequence. The final state is analyzed via
state-dependent fluorescence during a period of 20 µs. Hence,
the spectrum is recorded without stray-light background from
the spectroscopy lasers. (b) Absorption spectrum of the |↑〉
to 3P1/2 |3, 0〉 transition. The error bars in both dimensions
indicate the statistical uncertainty. A Voigt fit to the data
(solid line) is consistent with a fixed Lorentzian width Γnat
and an extracted Gaussian width of ΓG/(2pi) = 30(7) MHz.
The fit residuals show no additional systematics.
branching ratios of the spontaneous decay, and the inter-
laced π pulse enables extended probe periods to detect
weak transitions.
We first implement the method on the 3S1/2 to 3P1/2
transition, using the pulse sequence outlined in Fig. 2(a).
The spectroscopy laser S1 is applied for τ = 0.2 ms
with an intensity IS1 = 1.5(3) W/m
2. This corresponds
to an on-resonance saturation parameter s0 = I/Isat =
6(1)× 10−4 with saturation intensity Isat ≃ 2500 W/m2,
and is equivalent to on average two scattering events per
experiment. We repeat the sequence and gradually in-
crease the frequency of S1 to span 2.5 GHz resulting in
an absorption spectrum with two resonances. These are
separated by ω0 and the excited-state hyperfine struc-
ture. Each collected data point represents the average
of 2000 experiments, acquired in about 5 s per point.
Fig. 2(b) only covers a fraction of the full spectrum to
emphasize the undistorted, symmetric line shape cen-
tered at the |↑〉 to 3P1/2 |3, 0〉 resonance. A best fit
is shown as a solid line and yields no significant devi-
ation from a Voigt profile with fixed natural line width
Γnat/(2π) = 41.3(3) MHz [34]. We find a Gaussian con-
tribution of ΓG/(2π) = 30(7) MHz while the calculated
Doppler limit amounts to ΓDoppler/(2π) ≃ 5 MHz and
the broadening due to residual micromotion is estimated
to be less than 0.5 % of the natural line width. Based on
3a beat note measurement of S1 with the Doppler cool-
ing laser (at 280 nm), we attribute the main part of the
Gaussian contribution to the line width of S1. Since this
broadening effect preserves symmetric line shapes, the
center of the resonance is still determined with high pre-
cision.
In total, we study four different transitions to excited
electronic states in detail: two one-photon transitions
(3S1/2 to 3P1/2 and 3P3/2), one two-photon transition
(3S1/2 to 3D5/2), and one three-photon transition (3S1/2
to 4P3/2). These transitions, as well as the relevant
detunings ∆1 and ∆2 are sketched in Fig. 1(b). We
record 28 one-photon transition spectra with different
laser intensities IS1 = 0.05–3 W/m
2 and probe dura-
tions τ = 0.2–3.2 ms. Figure 3(a) shows an absorp-
tion spectrum of the 3S1/2 to 3P3/2 transition that re-
solves the substructure resulting from hyperfine interac-
tions. The two-photon transition to 3D5/2 (Γnat/(2π) ≃
77.7 MHz [35]) is probed with intensities IS1 = 0.6–
2.2 MW/m2 and probe durations τ = 0.2–0.6 ms lead-
ing to 24 different spectra centered around a detuning
∆1/(2π) ≃ −500 GHz of S1 from 3P3/2; one representa-
tive is shown in Fig. 3(b). In the three-photon absorption
spectra to 4P3/2 (Γnat/(2π) ≃ 8.5 MHz [35]), we vary
the frequency of S2 in discrete steps to obtain a spec-
trum, while the frequency of S1 is locked via Doppler-
free spectroscopy at ∆1/(2π) ≃ −500 GHz from 3P3/2
and ∆2/(2π) ≃ 70 MHz from 3D5/2, see Fig. 3(c). Due
to the hyperfine splitting of the ground state, the detun-
ing ∆2/(2π) from the line centroid amounts to roughly
±900 MHz from two-photon resonance (cf. Figs. 1(b) and
3(b)). We record 28 spectra with varying laser intensities
IS1 = 1.4–3.5 MW/m
2 and IS2 = 30–130 kW/m
2, and
probe durations τ = 0.2–2.0 ms.
To extract the line centroids from the data, each ab-
sorption spectrum is analyzed by a best fit considering
the substructure as a sum of Voigt profiles. To reduce
the number of free fit parameters, relative transition
strengths and sublevel splittings due to hyperfine and
magnetic field interactions as well as the effect of popu-
lation transfer between |↑〉 and all other hyperfine ground
states due to spontaneous emission are set to their cal-
culated values [36]. The calculations include magnetic-
dipole and electric-quadrupole hyperfine constants [37–
39], and natural line widths. We calibrate the magnetic
field strength | ~B| = 0.5848(3) mT using measurements
of 3S1/2 |3, 3〉 to |2, 2〉 microwave transitions with a mag-
netic field sensitivity of ≃ 24 MHz/mT. We neglect tran-
sitions with a calculated relative intensity of less than
10−3, leaving four free fit parameters: fluorescence off-
set, signal intensity, Gaussian width ΓG, and centroid
frequency νc. The results are shown as solid lines in
Fig. 3. Within our measurement resolution, we find no
systematic shifts of the line centroids of the one and two-
photon transitions for our range of intensities and pulse
durations. However, probing the three-photon transition,
Transition frequencies ν¯c in
25Mg+ from 3S1/2 in THz
3P1/2 3P3/2
This work 1 069.339 957 (5) 1 072.084 547 (5)
Batteiger et al. [24] 1 069.339 96 (2) 1 072.084 56 (2)
3D5/2 4P3/2
This work 2 143.223 903 (7) 2 417.829 196 (12)
Martin et al. [43] 2 143.222 0 (15) 2 417.826 8 (15)
Goorvitch et al. [44] 2 143.227 7 (18) 2 417.805 (10)
TABLE I. Transition frequencies (including statistical and
systematic uncertainties) determined in our work in compari-
son to representative literature values. Our values for the 3P
states are in agreement with previous results [24]. For the
3D5/2 and 4P3/2 state we have agreement within two stan-
dard deviations with a more than two orders of magnitude
improvement in fractional frequency uncertainty compared to
Refs. [43, 44].
we observe a systematic shift related to the intensity of
S2 of up to 10 MHz. We account for this effect by in-
cluding ac-Stark shifts from off-resonant coupling of S2
to the 3D5/2 and 4P3/2 states into our fit model. To
this end, for the three-photon transition, we introduce
the intensity of S2 as an additional free parameter in the
fit routine. We compare the fitted intensities with the
results of beam waist and power measurements and find
that the observed shift is consistent with being entirely
due to this effect.
In Fig. 4 we show the deviation of each fitted νc from
the mean centroid ν¯c of all analyzed spectra, with the
data ordered according to the measurement day. Each
data point represents a spectrum similar to those shown
in Fig. 3 and the error bars indicate the statistical un-
certainty from the fit result, while the corresponding ν¯c
are listed in Table I. The main systematics dominating
the estimated uncertainty of the transition frequencies
stems from the frequency measurement. We conserva-
tively estimate this to be 2 MHz near 560 nm and 10 MHz
near 1092 nm. We calibrated the wavelength meter with
two reference frequencies, known to an uncertainty of
1.5 MHz for the 127I2 line [40] and 0.2 MHz for the
87Rb line [41, 42]. When probing the three-photon tran-
sition, an additional systematic uncertainty of 4 MHz
arises from the Doppler-free spectroscopy used for lock-
ing S1. Additional effects, e.g., correction of ac Stark
shifts, magnetic field fluctuations, spectral widths of the
spectroscopy lasers, and deviations of relative intensities,
each contribute less than 0.5 MHz to the final uncertain-
ties.
In Table I we compare our results to literature values.
The one-photon transition frequencies are in good agree-
ment with the values from Ref. [24]. We have conducted
the first isotopically pure measurements of transition fre-
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FIG. 3. (color online) Recorded absorption spectra for one, two, and three-photon transitions including model fits to the data
shown as solid lines (details see text). The error bars include the statistical uncertainty both in count rate and in frequency.
For each transition, we depict the corresponding energy level diagram (not to scale). (a) One-photon transition 3S1/2 to
3P3/2 resolving the excited state hyperfine splitting (τ = 0.2 ms, IS1 = 0.5(1) W/m
2). Here, one can see two transitions
that cannot be detected by electron shelving spectroscopy. (b) In the two-photon 3S1/2 to 3D5/2 absorption spectrum the
underlying substructure lies within the natural line width (τ = 0.2 ms, IS1 = 1.8(4) MW/m
2). (c) Three-photon transition
connecting 3S1/2 to 4P3/2, where the substructure shows as slight asymmetries in the spectra (τ = 2.0 ms, IS1 = 2.6(5) MW/m
2,
IS2 = 160(30) kW/m
2).
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FIG. 4. (color online) Line centroids for the four different
transitions measured during seven days. The values are plot-
ted relative to their mean values (dashed lines, cf. Table I)
and error bars indicate the statistical uncertainty of the val-
ues extracted from individual model fits. The measurements
of the transition frequencies to the 3P states are in excel-
lent agreement with Ref. [24]. The different measurements
illustrate the reproducibility of the center frequency determi-
nations beyond their estimated systematic uncertainty. The
results for the 3D and 4P measurements show a statistical
spread that is significantly smaller than this uncertainty.
quencies to the 3D5/2 and 4P3/2 levels, and improved the
fractional frequency uncertainty compared to previously
calculated [43] and experimental [44] values by more than
two orders of magnitude.
We record high-SNR and symmetric line shapes of one,
two, and three-photon transitions, allowing for the deter-
mination of transition frequencies with a fractional fre-
quency uncertainty of 5× 10−9. This uncertainty is lim-
ited by our wavelength measurement and can be substan-
tially improved by using a frequency comb. In addition,
the resolution can be enhanced by use of spectroscopy
lasers with smaller spectral widths and by cooling the
ion to the motional ground state. With the demonstrated
sensitivity and the multitude of accessible transitions en-
abled by utilizing a superposition state, the method may
facilitate the determination of transition strengths, nat-
ural line widths, and hyperfine constants. Furthermore,
it can be extended to other transitions, isotopes, species,
and even other quantum systems. In particular, the sig-
nal induced by decoherence is insensitive to branching
ratios of the spontaneous decay. In combination with
a logic ion [3], and incorporating the motional degrees
of freedom into our method, it may also be applicable
to species without cooling and detection transitions as
well as molecular ions. We anticipate that this spec-
troscopy method is only one of many future techniques
that take advantage of decoherence effects that are typi-
cally thought of as detrimental when controlling quantum
systems.
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